PURPOSE. Ocular pulse decreases outflow facility of perfused anterior segments. However, the mechanism by which conventional outflow tissues respond to cyclic intraocular pressure oscillations is unknown. The purpose of the present study was to examine responses of trabecular meshwork (TM) cells to cyclic biomechanical stress in the presence and absence of compounds known to affect cell contractility. METHODS. To model flow in the juxtacanalicular region of the TM and to measure changes in transendothelial flow, human TM cell monolayers on permeable filters were perfused at a constant flow rate until reaching a stable baseline pressure and then were exposed to cyclic stress with an average amplitude of 2.7 mm Hg peak to peak at a 1-Hz frequency for 2 hours in the presence or absence of compounds known to affect cell contractility (isoproterenol, Y27632, pilocarpine, and nifedipine). Pressure was recorded continuously. Immunocytochemistry staining was used to determine filamentous actin stress fiber content, whereas Western blot analysis was used to measure the extent of myosin light chain (p-MLC) phosphorylation and ratio of filamentous to globular actin. RESULTS. Human TM cells respond to cyclic pressure oscillations by increasing mean intrachamber pressure (decreasing hydraulic conductivity) (126.13% Ϯ 2.4%; P Ͻ 0.05), a response blocked in the presence of Y27632, a rho-kinase inhibitor (101.35 Ϯ 0.59; P ϭ 0.234), but not isoproterenol, pilocarpine, or nifedipine. Although mechanical stress appeared to have no effect, Y27632 decreased phosphorylated myosin light chain, filamentous/globular actin ratio, and stress fiber formation in TM cells. CONCLUSIONS. Human TM cells respond to cyclic mechanical stress by increasing intrachamber pressure. Pulse-mediated effects are blocked by Y27632, implicating a role for Rho-kinasemediated signaling and cellular contractility in ocular pulseassociated changes in outflow facility. (Invest Ophthalmol Vis Sci. 2009;50:3826 -3832 The exact mechanism by which trabecular outflow tissues sense and respond to different types of mechanical stimuli (i.e., elevated intraocular pressure, circadian rhythm, ocular pulse, shear flow) is not well understood. Previous research has focused primarily on how static changes in intraocular pressure (IOP) affect trabecular outflow tissues; however, little is known about the influence of dynamic stress on tissue regulation.
PURPOSE. Ocular pulse decreases outflow facility of perfused anterior segments. However, the mechanism by which conventional outflow tissues respond to cyclic intraocular pressure oscillations is unknown. The purpose of the present study was to examine responses of trabecular meshwork (TM) cells to cyclic biomechanical stress in the presence and absence of compounds known to affect cell contractility. METHODS. To model flow in the juxtacanalicular region of the TM and to measure changes in transendothelial flow, human TM cell monolayers on permeable filters were perfused at a constant flow rate until reaching a stable baseline pressure and then were exposed to cyclic stress with an average amplitude of 2.7 mm Hg peak to peak at a 1-Hz frequency for 2 hours in the presence or absence of compounds known to affect cell contractility (isoproterenol, Y27632, pilocarpine, and nifedipine). Pressure was recorded continuously. Immunocytochemistry staining was used to determine filamentous actin stress fiber content, whereas Western blot analysis was used to measure the extent of myosin light chain (p-MLC) phosphorylation and ratio of filamentous to globular actin. RESULTS. Human TM cells respond to cyclic pressure oscillations by increasing mean intrachamber pressure (decreasing hydraulic conductivity) (126.13% Ϯ 2.4%; P Ͻ 0.05), a response blocked in the presence of Y27632, a rho-kinase inhibitor (101.35 Ϯ 0.59; P ϭ 0.234), but not isoproterenol, pilocarpine, or nifedipine. Although mechanical stress appeared to have no effect, Y27632 decreased phosphorylated myosin light chain, filamentous/globular actin ratio, and stress fiber formation in TM cells. CONCLUSIONS. Human TM cells respond to cyclic mechanical stress by increasing intrachamber pressure. Pulse-mediated effects are blocked by Y27632, implicating a role for Rho-kinasemediated signaling and cellular contractility in ocular pulseassociated changes in outflow facility. (Invest Ophthalmol Vis Sci. 2009;50:3826 -3832) DOI:10.1167/iovs.08-2694 T he conventional outflow pathway is pressure sensitive, actively regulating resistance to fluid flow out of the eye. 1, 2 The exact mechanism by which trabecular outflow tissues sense and respond to different types of mechanical stimuli (i.e., elevated intraocular pressure, circadian rhythm, ocular pulse, shear flow) is not well understood. Previous research has focused primarily on how static changes in intraocular pressure (IOP) affect trabecular outflow tissues; however, little is known about the influence of dynamic stress on tissue regulation. [3] [4] [5] [6] [7] Cyclic changes in IOP can be observed in vivo as a result of ocular pulse, averaging 2.7 mm Hg/s in human eyes. 8, 9 Significantly, cyclic oscillations in IOP decrease trabecular outflow facility by approximately 30% in perfused human and porcine anterior segments. 10 Although the mechanism(s) responsible for the effect of cyclic biomechanical stress on trabecular tissues is not well understood, contractility has been suggested to play an important role in endothelial cell behavior generally and in outflow facility specifically. [11] [12] [13] Thus, in the present study, we examined whether a variety of compounds (isoproterenol, a ␤-adrenergic receptor agonist; pilocarpine, a muscarinic receptor agonist; nifedipine, an L-type calcium channel blocker; Y27632, a rho-kinase inhibitor) 14 -40 previously known to affect trabecular meshwork (TM) cell contractility modulate cyclic biomechanical stress-mediated effects on TM cells.
Our goal was to determine the cellular mechanism responsible for cyclic biomechanical stress-mediated changes in outflow facility in situ. 10 We hypothesized that TM cells react to cyclic oscillations in pressure (i.e., ocular pulse) in a manner similar to responses observed in the intact tissue and that pulse-mediated reactions are sensitive to exogenous modifications of TM cell contractility.
MATERIALS AND METHODS

Cell Culture
Human TM cells were isolated with a blunt dissection technique followed by extracellular matrix digestion and were characterized and cultured as previously described. 41 TM cells were maintained in Dulbecco's modified Eagle's medium (DMEM, low glucose), with the addition of 10% fetal bovine serum, penicillin (100 U/mL), streptomycin (0.1 mg/mL) and glutamine (0.29 mg/mL). Six different cell strains (TM26, TM83, TM86, TM88, TM90 , and TM92) were isolated from nonglaucomatous human eye tissue (ages 15 years, 54 years, 3 months, 25 years, 4 months, and 38 years, respectively) and were used in the present study. Cell lines were chosen based on availability at the time of experiments.
TM Monolayer Perfusions
TM cells were seeded onto permeable filters (Snapwell; Costar, Cambridge, MA) consisting of a 12-mm diameter plastic insert surrounding a polycarbonate filter membrane (1-cm 2 surface area; 0.4-m pore size) at a density of 1 ϫ 10 5 cells/filter and were cultured for 4 to 30 days. A previously used Ussing chamber (Ussing System CHM5; World Precision Instruments, Sarasota, FL) perfusion system 15 was modified to deliver cyclic pressure oscillations while monitoring intrachamber pressure in real time. Cells on filter supports were placed on an Ussing chamber and mounted in a clamp housing. Cells were perfused with 25 mM HEPES-buffered DMEM (serum-free; pH 7.4). Constant flow was delivered to the monolayer (apical to basal) at a rate of 30 L/min using (Fig. 1) . After a stable baseline was reached, media were exchanged with DMEM or DMEM containing 10 M isoproterenol, 10 M pilocarpine, 10 M nifedipine, or 10 M Y27632, and perfusion was restarted at a constant flow rate until it reached a new stable baseline. For every experimental condition, a minimum of two different cell lines in at least four individual experiments were perfused for each treatment group to indicate that results were not an artifact of an individual donor or experiment.
We observed empirically that pressures in the range of 5 to 20 mm Hg were needed to detect control-induced contractions in our model. Thus, experiments having filters with cells that could not maintain pressures within this range were stopped, not tested with drug or pressure oscillations, and excluded from analyses. Empty filters served as negative controls, generating intrachamber pressures of approximately 0.1 mm Hg.
Cell monolayers with stable baseline pressures were exposed to cyclic pressure oscillations with average amplitudes of 2.7 mm Hg peak to peak at a 1-Hz frequency for 2 hours, using a positive piston displacement pump (Pulsatile Blood Pump; Harvard Apparatus) connected in series to the syringe pump. Our delivery system here was the identical setup we used to deliver cyclic pressure oscillations in anterior segment perfusions. 10 After the pulsatile period, monolayers either were removed from the chamber or were perfused at a constant flow rate (without pressure oscillations) for 2 hours. After perfusion, cell monolayers were prepared for Western blot analysis or were fixed and DAPI-stained to verify monolayer confluence.
Immunoblot Analysis
Immediately after perfusion, filters were quickly rinsed with PBS at 4°C and were incubated for 30 minutes in Laemmli sample buffer containing 10% ␤-mercaptoethanol, a Roche protease inhibitor cocktail, and 5 mM NaF. Cell lysates were transferred to microfuge tubes, boiled for 10 minutes, and electrophoresed into 12% polyacrylamide gels separated by SDS-PAGE. Proteins were electrophoretically transferred to nitrocellulose over the course of 1.5 hours. Nitrocellulose membranes were blocked in 5% dry milk in Tris-buffered saline (137 mM NaCl, 25 mM Tris, 2.7 mM KCl) containing 0.2% Tween-20 (TBST) and then were probed with anti-myosin light chain (MLC, 1:1000) or anti-phospho myosin light chain (p-MLC, 1:1000) overnight at 4°C on a rocking platform (Cell Signaling Technology, Beverly, MA). Blots were rinsed three times, 10 minutes each, in TBST and incubated for 1 hour with horseradish peroxidase-conjugated secondary antibodies in 5% milk in TBST (goat anti-rabbit, 1:5000). Membranes were rinsed three more times (10 minutes each) in TBST and then incubated with chemiluminescence substrate (HyGLO; Denville Scientific; Metuchen, NJ) and exposed to x-ray film (Genesee Scientific, San Diego, CA). Film was digitized using a gel-documentation system (EpiChemi II Darkroom; Ultraviolet Products Inc., Upland, CA), and densitometry was performed using imaging software (Laboratory Works, version 4.0.0.8; Ultraviolet Products Inc.). Quantitative comparisons of p-MLC/ MLC protein ratios between some experimental groups (e.g., Y27632 perfusions) were not possible because of the absence of p-MLC signal on x-ray film.
Immunofluorescence Microscopy
Cells used for immunostaining were plated on glass coverslips and grown to confluence for at least 7 days. Monolayers were then organized in five different groups and incubated for 1 hour in HEPESbuffered DMEM (control) or DMEM containing drugs (10 M isoproterenol, 10 M pilocarpine, 10 M nifedipine, or 10 M Y27632). Isoproterenol and pilocarpine were prepared fresh in a 10 mM stock solution dissolved in HEPES-buffered DMEM; nifedipine was also prepared fresh in a 10 mM stock solution dissolved in ethanol; and Y27632 was dissolved in dH 2 O for a 1 mM stock solution. Before treatment, all drugs were diluted to a 10 M solution using HEPES-buffered DMEM.
After the treatment period, cells on coverslips were rinsed twice with dPBS and were fixed using 4% paraformaldehyde for 10 minutes. Cell monolayers were permeabilized in 0.2% nonionic surfactant (Triton X-100; Sigma-Aldrich, St. Louis, MO) in PBS for 5 minutes at room temperature, washed in PBS, then blocked with a solution of PBS containing 10% goat serum (Sigma-Aldrich), 0.2% nonionic surfactant (Triton X-100; Sigma-Aldrich), and 0.5% bovine serum albumin (Sigma) for 30 minutes at 37°C. Cell monolayers were triple-labeled to visualize F-actin, nuclei, and ␤-catenin (an adapter protein that we used to visualize TM cell borders; data not shown). For ␤-catenin, coverslips were labeled using rabbit anti-␤-catenin IgG (Santa Cruz Biotechnology, Santa Cruz, CA). Cells were incubated in primary antibody diluted 1:400 in blocking solution for 2 hours at 25°C, followed by three 10-minute washes in PBS ϩ 0.2% nonionic surfactant (Triton X-100; Sigma-Aldrich). The coverslips were then incubated with a secondary antibody (fluorescein-goat anti-rabbit IgG; Molecular Probes) diluted 1:1000 in blocking solution for 60 minutes, followed by three 10-minute washes in PBS ϩ 0.2% nonionic surfactant (Triton X-100; Sigma-Aldrich). After washing, cells were incubated for 20 minutes with Alexa Fluor 568 phalloidin (1:40 dilution; Molecular Probes) at 25°C and then were washed using PBS ϩ 0.2% nonionic surfactant (Triton X-100; Sigma-Aldrich) and were incubated in 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) at a 1:1000 dilution for 5 minutes. Labeled cells were visualized by immunofluorescence microscopy using a confocal microscope (Nikon PCM 2000; Biomedical Imaging Facilities, The University of Arizona). DAPI-stained nuclei were visualized at a 400ϫ magnification (IX70 microscope; Olympus, Tokyo, Japan) to evaluate the degree of confluence and stability of monolayers post perfusion. Microscopic field of views represent an approximate area of 0.02 mm 2 .
Filamentous/Globular Actin
The ratio of filamentous actin (F-actin) to globular actin (G-actin) in TM cells after treatment with pilocarpine or Y27632 was determined using FIGURE 1. Simplified schematic diagram of the constant flow cell perfusion system modified to introduce intrachamber pressure oscillations. 15 Transcellular flow in Ussing chamber occurred in an apical-tobasal direction.
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Cyclic Stress and TM Contractility 3827 a commercially available kit (BK037; Cytoskeleton). Briefly, confluent and mature TM monolayers were serum starved with HEPES-buffered DMEM for 2 hours and then received 10 M pilocarpine, 10 M Y27632, or remained untreated for 30 minutes. Cells were then lysed with F-actin stabilization buffer (50 mM PIPES, pH 6.9, 50 mM KCl, 5 mM MgCl 2 , 5 mM EGTA, 5% glycerol, 0.1% nonionic surfactant (Nonidet P-40; Affymetrix, Santa Clara, CA), 0.1% nonionic surfactant (Triton X-100; Sigma-Aldrich), 0.1% Tween 20, 0.1% ␤-mercaptoethanol, 0.001% antifoam C, 1 mM ATP, and protease inhibitor cocktail; Roche, Basel, Switzerland) and centrifuged at 100,000g for 60 minutes at 37°C. Some untreated cell lysates received either 1 M phalloidin (positive control) or 10 M cytochalasin-D (negative control) before centrifugation. After removing the supernatant (containing G-actin), the pellet (containing F-actin) was resuspended in an equal volume of ice-cold dH 2 0 containing 10 M cytochalasin-D and kept on ice for 1 hour with mixing every 15 minutes to dissociate the F-actin. Equal volumes of G-actin and F-actin samples were then mixed with 4ϫ Laemmli buffer containing 10% ␤-mercaptoethanol, run on a 10% SDS-polyacrylamide gel, and subjected to immunoblot analysis. The blots were incubated with a rabbit anti-actin antibody (1:500) for 1 hour at room temperature. Relative amounts of F-actin and G-actin were determined by densitometry.
LDH Assay
To assess potential cytotoxic effects of pressure oscillations, effluent from perfused cells was monitored for LDH release. For a positive control, TM cells on filters were incubated in 1.5 mL HEPES-buffered DMEM plus 1% nonionic surfactant (Triton X-100; Sigma-Aldrich) for 10 minutes; filters were then scraped, and media were centrifuged and collected. For a negative control, TM cells on filters were incubated for 4 hours in static culture with 1.5 mL HEPES-buffered DMEM at 25°C. Effluent samples (media that bypassed TM cells) were collected from mock-exchanged TM cell perfusions at three different time points (before, during, and after the pulsatile pressure period), and samples were normalized to time, concentrated (to 1.5 mL), and treated as were control samples. Effluent media were analyzed for LDH concentration using a commercial cytotoxicity detection kit (Roche Applied Science). In brief, samples were incubated with tetrazolium salt to obtain a colored formazan, which could be quantified colorimetrically with a precision microplate reader (E max ; Molecular Probes).
Statistical Analysis
Only data in which digitized bands that corresponded to protein of interest falling in the linear range of the x-ray film were used for analyses. Values obtained were analyzed by a two-tailed, paired Student's t-test assuming unequal variance, and differences were considered significant at P Ͻ 0.05.
RESULTS
TM Monolayer Perfusions
Confluent TM cell monolayers were perfused at a constant flow rate of 30 L/min. After reaching a stable intrachamber pressure (8.51 Ϯ 0.95 mm Hg; mean Ϯ SEM), monolayers were exposed to cyclic pressure oscillations (2.7 mm Hg peak to peak at a frequency of 1 Hz). For each perfusion, mean pressures were normalized to their baseline pressure before pulse. Results in Figure 2 show that human TM cell monolayers respond to cyclic pressure oscillations by significantly increasing mean intrachamber pressure baseline (126.13% Ϯ 8.30%; n ϭ 6; P Ͻ 0.05). A significant increase in mean intrachamber pressure (124.31 Ϯ 7.26) was maintained in the 2-hour period after the pulse was stopped. Thirty-eight cell monolayers were used to examine the effect of contractility on the pulse-mediated increase in intrachamber pressure. The role of TM cell contractility in pulsatile pressure responses was tested with four different treatments: isoproterenol, pilocarpine, nifedipine, and Y27632. For each perfusion, average pressures were normalized to their baseline pressure before they were exposed to any experimental condition (i.e., pulse or drug exchange). After exchanging intrachamber contents, perfusion was restarted at 30 L/min in the presence of media (control) or media-containing drug until a new stable baseline was reached. Drug effects were first analyzed for each treatment group by continuously monitoring intrachamber pressure after the exchange, as an inverse indicator of hydraulic conductivity (HC). Results in Figure 3 indicate that only two (pilocarpine and Y27632) of the four compounds affected HC in our system, each of which have been shown previously to affect TM contractility and outflow facility. 14, 21, 35, 36, 38, [42] [43] [44] [45] Significant decreases in baseline intrachamber pressure in the presence of Y27632 (75.35% Ϯ 8.32%; P Ͻ 0.01) and pilocarpine (83.48% Ϯ 6.72%; P Ͻ 0.05) were observed compared to control monolayers (101.75% Ϯ 2.81%).
The effect of each compound on TM monolayer responses to cyclic pressure was studied by exposing the monolayers to a combination of drug and pressure pulse simultaneously. The process of exchanging chamber contents on the pulse-mediated pressure increase was determined by comparing the response observed in the mock exchange group (117.89% Ϯ 3.05%, n ϭ 12) with that in a nonexchange group (126.13% Ϯ 8.30%, n ϭ 6). Shown in Figure 4 , chamber exchange (mock) versus no chamber exchange (none) had no effect on pulsemediated pressure increase (P ϭ 0.269). Next, the effect of pulsatile pressure in the presence of the different cytoskeletally active compounds can also be observed in Figure 4 . Results show no significant difference in the response observed between the control group and the groups treated with isoproterenol, pilocarpine, and nifedipine (P ϭ 0.356, P ϭ 0.892, P ϭ 0.231, respectively); however, a statistically significant difference was observed between the control group and the group treated with the rho-kinase inhibitor Y27632 (P ϭ 0.006) in response to pulsatile pressure.
In summary, our results show that the HC of TM monolayers increased in the presence of both pilocarpine and Y27632, recorded as a decrease in intrachamber mean pressure after an exchange. Although TM monolayers responded to cyclic pressure oscillations by increasing intrachamber mean pressure, only Y27632 effectively blocked pulse-mediated responses. 
Immunoblot Analysis
Rho-kinase-mediated regulation of myosin light chain (MLC) phosphorylation controls cellular contraction. 46, 47 For this reason, we used immunoblotting to measure changes in MLC phosphorylation as an indirect measurement of contractility.
To compare the effects of the different compounds in the presence of a pulsatile pressure period, a minimum of four perfused filters from each treatment group was selected for Western blot analysis; half the filters were prepared from samples collected immediately at the end of the pulsatile pressure period (during pulse [DP]), and the other half was collected from samples that continued to be perfused for 2 more hours after the pulse was stopped (after pulse [AP]). Thus, each sample corresponded to a different perfusion experiment lasting 6 to 14 hours.
Representative samples of each treatment group are shown in Figure 5 . Cells in culture (no perfusion) and cells perfused but not exposed to exchange or pulse were used as controls. No obvious change in myosin light chain phosphorylation (p-MLC) was observed in filters treated with mock, pilocarpine, or nifedipine. In contrast, though isoproterenol appeared to increase p-MLC, groups treated with Y27632 showed a clear decrease in p-MLC.
To investigate further the effect of pulsatile pressure on p-MLC status, six TM filters from four different cell lines were perfused in the absence of pressure oscillations and were compared with five filters from three cell lines exposed to pulsatile pressure for 4 hours (data not shown). Similar to results observed when analyzing before pulse versus after pulse (Fig. 5) , results in this set of experiments show that there was no difference in the ratio p-MLC/MLC when comparing monolayer perfused in the absence (5.0 Ϯ 2.9) and presence (6.2 Ϯ 5.5) of pulsatile pressure (P ϭ 0.655).
Immunofluorescence
To monitor the effect of different drug treatments on actin polymerization, coverslips containing trabecular meshwork cells were treated and stained for filamentous actin (F-actin) and nuclei (Fig. 6) . As a qualitative indicator, F-actin labeling with phalloidin revealed no discernible change in actin polymerization on treatment with nifedipine, isoproterenol, or pilocarpine under the conditions that correspond to drug treatments on filters. In contrast, a decrease in actin polymerization was reproducibly detected after Y27632 treatment, consistent with the decrease in p-MLC observed in the Western blot analysis (Fig. 5) and suggesting that the rho-kinase inhibition of F-actin fiber formation may be responsible for the decreased TM response to pulsatile pressure.
Filamentous/Globular Actin Ratio
To quantify effects of Y27632 on human TM cytoskeleton, we measured the relative abundance of filamentous (F)-actin compared with globular (G)-actin. Because of the consequence of pilocarpine treatment on intrachamber pressures observed in experiments shown in Figure 3 , we also monitored pilocarpine effects on the F/G-actin ratio in TM cells. Figure 7 shows that treatment with Y27632 resulted in a seven-fold decrease in F/G-actin ratio in TM cell monolayers compared to untreated control (0.076 Ϯ 0.008 vs. 0.531Ϯ 0.166, respectively, P ϭ 0.05), consistent with qualitative immunofluorescence results and MLC phosphorylation data. Data observed after pilocarpine treatment (0.551 Ϯ 0.077) were very similar to untreated controls (P ϭ 0.92).
Lactate Dehydrogenase Release
Appearance of lactate dehydrogenase in the conditioned media (perfusion effluent) from human TM cells on filters was used as an indirect measurement of cell viability. Results showed no Changes in MLC phosphorylation in perfused human TM monolayer exposed to pulse. Analysis of cell lysates collected from TM monolayers grown on polycarbonate filters before perfusion (in culture or no pulse) or after perfusion. Shown are the results of one representative experiment of two total experiments for each time point in each treatment group. Top: protein levels of phosphorylated myosin light chain (p-MLC). Bottom: levels of total myosin light chain (MLC). Samples were collected after a chamber exchange with only DMEM (mock) or treated DMEM. nife, nifedipine; pilo, pilocarpine; iso, isoproterenol; Y27, Y27632; DP, during pulse; AP, after pulse.
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Cyclic Stress and TM Contractility 3829 significant difference between negative control samples and effluent samples collected from TM monolayer perfusions. Negative control samples displayed 20.14% Ϯ 1.39% absorbance, whereas "before pulse" samples showed 25.31% Ϯ 3.21% (P ϭ 0.16), "during pulse" samples showed 24.51% Ϯ 3.35% (P ϭ 0.23), and "after pulse" samples showed 20.32% Ϯ 3.27% (P ϭ 0.95) absorbance. These data indicate that responses observed as a result of pulsatile pressure were not a consequence of cell damage.
DISCUSSION
The acto-myosin complex has been previously implicated as a regulator of outflow facility. For instance, actin disruptors (latrunculin-A, latrunculin-B) and calmodulin binding protein (caldesmon) alter the conventional outflow pathway, increasing outflow facility in monkey and human eyes. 48 -53 In addition, changes in actin organization have been observed after a steady state stretch on TM cells grown on silicone membranes. 6 However, little is known about the effect that cyclic stress has on actin cytoskeleton and contractility of TM cells. By modifying an Ussing chamber perfusion system, we delivered cyclic biomechanical stress, similar in magnitude and frequency to the ocular pulse measured in vivo. The primary goal of this study was to examine and characterize the effect of cyclic biomechanical stress on human TM monolayers in perfusion culture. The present study reports two major findings: (1) Human TM cell monolayers in cell culture respond to ocular pulse in a fashion and a magnitude similar to those of intact tissue in organ culture, and (2) the rho-kinase pathway appears to mediate TM cell responses to cyclic mechanical stress. Taken together, these results suggest that effects of ocular pulse on outflow facility have a cellular basis.
Our results show that TM monolayers perfused under constant flow conditions were capable of sensing and responding to cyclic biomechanical stress with a reproducible increase in mean intrachamber pressure. Even though this response was not altered in the presence of some compounds known to affect TM cell contractility (isoproterenol, nifedipine, pilocarpine), our observed increase in pressure after exposure to cyclic stress was completely blocked in the presence of Y27632. To further evaluate TM responses to cyclic biomechanical stress, we examined downstream effectors of the Rho-kinase pathway. Similar to reports by others, 36, 39 our results show a clear decrease in p-MLC plus a resultant decrease in F/G actin ratio and stress fiber formation in confluent TM monolayers treated with Y27632 at the same concentration and time found to block pulse-mediated responses in perfusion experiments. Taken together, our results support the hypothesis that changes in TM cytoskeletal organization affect the response of the monolayers to cyclic biomechanical stress and that the Rho-kinase and downstream effectors are involved in the pulse-mediated response of TM cells.
Although Y27632 was the only compound tested that blocked pulse-mediated effects on intrachamber pressure, Y27632 and pilocarpine significantly decreased mean baseline pressures. Y27632 is a rho-kinase inhibitor that has previously been shown to relax TM cells in vitro 35 and to cause cell retraction and rounding of cell bodies. 36, 37 Y27632 has also FIGURE 6. Visualization of human TM cells on coverslips stained for F-actin (confocal microscopy) and DAPI-stained nuclei (epifluorescence microscopy). Analysis of F-actin stress fiber formation of TM cells in response to 1-hour treatments with DMEM (mock), isoproterenol (iso), pilocarpine (pilo), nifedipine (nife), or Y27632 (Y27). TM cells used for immunostaining showed similar levels of monolayer confluence between treatment groups. Results display representative experiments from a total of three experiments for each treatment group. been shown to decrease intraocular pressure, therefore increasing conventional outflow facility in rabbit, bovine, porcine, and monkey eyes. 36,38 -40 Reported effects of pilocarpine on TM cells are more complicated. Pilocarpine binds to muscarinic cholinergic receptors, which are expressed by cells in the trabecular meshwork and the ciliary body. Although pilocarpine increases outflow facility in vivo, 14, 16, 17, 42 its effects are generally attributed to ciliary muscle contraction that overpowers a TM contraction. However, after surgical disinsertion of the ciliary muscle from the scleral spur, the direct effect of pilocarpine on TM tissue can be isolated. 18, 19 Studies using this procedure in monkey eyes reported a minor, and insignificant, response to pilocarpine 18, 20 ; however, in human eyes, an increase in outflow facility was observed in the presence of low concentrations of pilocarpine. 20 Pilocarpine has been shown to cause contraction 27, 43 and relaxation 20 of TM tissue. Data presented in this manuscript are ambiguous: Pilocarpine decreased intrachamber pressure (indicator of relaxation) but, unlike Y27632, had no effect on filamentous actin content in two assays or phosphorylation status of MLC. Taken together, Y27632 was the only compound tested that showed consistent effects in all five experimental paradigms.
Although Y27632 and pilocarpine result in changes in TM cell contractility in our perfusion model system, only Y27632 blocked pulse-mediated changes in intrachamber pressure, likely the result of their different mechanisms of action. We hypothesize that Y27632 is effective because it inhibits rhokinase, a protein that resides at a "choke point" of many signaling pathways that affect cell contractility. Thus, activation of cell surface receptors, like muscarinic receptors, may not be sufficient to override signaling induced by cyclical pulsations.
The conventional outflow pathway is pressure sensitive, responding to changes in steady state IOP by altering outflow resistance. Data shown in this study and our previous study suggest an additional regulation of IOP, in which the TM outflow resistance is modified in response to cyclic oscillations in pressure. We have provided evidence showing that the regulation of contractility by Rho-kinase is necessary for trabecular meshwork cell responses to cyclic pressure oscillations. These data strongly suggest that ocular pulse is responsible for modifying a resting level of contractility (tone) in trabecular meshwork cells in vivo. Given that ocular pulse is a repetitive force continuously sensed by trabecular outflow tissues, we hypothesize that the observed decrease in hydraulic conductivity is not a change from baseline but, rather, the reestablishment of a more physiologically relevant state for TM monolayer resistance.
Although this study characterizes the role for Rho-kinasemediated signaling in ocular pulse-associated changes of hydraulic conductivity in TM cell monolayers, it will be important in the future to extend these observations and to test the role that this pathway plays in conventional outflow tissues in situ. We predict that ocular-pulse-associated decreases in outflow facility of anterior segments will also be blunted in the presence of Y27632, strongly suggesting ocular pulse as one of the physiological forces responsible for setting TM tone in vivo, though such studies are complicated by the effects of Y27632 alone on outflow facility. Regardless, bringing observations of the present study to organ culture or in vivo studies is important to better understand the complicated process of intraocular pressure regulation. We predict in glaucoma that increased resistance to conventional outflow may be, in part, a function of aberrant responses to physiological cues such as ocular pulse.
